INTRODUCTION 42
Terrestrial invertebrates harbor a diverse range of endosymbiotic bacteria (1-4), some of which 43 are mutualists, assisting their invertebrate partners in metabolic processes or increasing their 44 ability to resist infection by pathogens (5, 6). Other endosymbionts may reduce the fitness of 45 their invertebrate hosts (7, 8) and/or have pathogenic effects on vertebrate hosts used by 46 haematophagous arthropods (e.g., mosquitoes and ticks) (9, 10). For example, there are some 47 species of Rickettsiella that are intracellular pathogens of arthropods (11) (12) (13) (14) (15) (16) , while other species 48 may provide some benefit to their arthropod hosts (17) . 49
Bacteria within the genus Rickettsiella were first described in 1952 as "small Rickettsia" 50 (18) and assigned to the order Rickettsiales (Alphaproteobacteria) (19). However, phylogenetic 51 analyses of sequence data of the 16S rRNA gene subsequently revealed that Rickettsiella grylli 52 represented a sister taxon to two genera of Gammaproteobacteria: Coxiella and Legionella (12). 53
As a consequence, the genus Rickettsiella was transferred from the Rickettsiales to the family 54
Coxiellaceae within the order Legionellales (20), a placement that has been supported by other 55 molecular-based studies (11, (21) (22) (23) (24) (25) (26) (27) (28) (29) . Rickettsiella have been reported in a diverse range of 56 arthropod hosts, including insects (e.g., beetles, flies, crickets, locusts, cockroaches, wasps, 57 midges, moths and aphids), collembolans, crustaceans (e.g., isopods and crabs) and arachnids 58 (e.g., spiders, scorpions, ticks and mites) (20, 30) . Currently, only four species of Rickettsiella 59 eight PCR-positive ticks (i.e., two I. angustus, four I. kingi, and two I. sculptus), representing the 111 three different SSCP banding patterns (i.e., profiles), were purified (40) and subjected to 112 automated DNA sequencing using primers Rickella-F and Rickella-R2 in separate reactions. 113
This was performed to confirm that amplicons with the same SSCP profile have identical DNA 114 sequences and that amplicons with different SSCP profiles differ in sequence by one or more 115
nucleotides. 116
Characterization and phlyogenetic analyses of the 16S rRNA gene. The Rickettsiella 117 in the gDNA of two I. angustus, two I. kingi, and two I. sculptus were further characterized by 118 amplifying a larger (~1,270 bp) fragment of the 16S rRNA gene using primers Rickella-F and 119
1387R-mod (5'-GGGCGGTGTGTACAAGGC-3') (45). The same temperature conditions were 120
used for the PCR as described above except that the duration of each phase was increased to 60 121 seconds. In addition, the MgCl 2 concentration was reduced to 2.5mM and the volume of gDNA 122 template increased to 2 µl. All amplicons were purified prior to DNA sequencing with primers 123
Rickella-F and 1387R-mod in separate reactions. BLAST searches (GenBank) were performed 124 on the DNA sequence data. The DNA sequences of the Rickettsiella in each species of tick were 125 aligned manually with the sequences of Rickettsiella available on GenBank (for accession 126 numbers see Table S1 in the supplemental material). Phylogenetic analyses were performed 127 using the neighbor joining (NJ) and maximum parsimony (MP) methods in PAUP (46 Table 2 ). The DNA sequences of the Rickettsiella in I. angustus, I. kingi and I. sculptus differed 191 by 2.0-6.6% (i.e., 25-82 bp), 2.6-6.2% (i.e., 33-78 bp) and 2.5-6.0% (i.e., 32-75 bp) respectively, 192 when compared to the sequences of taxa within the genus Rickettsiella (see Table S1 in the 193
supplemental material). 194
The NJ analysis of the sequence data for the 16S rRNA gene revealed that the Rickettsiella 195 in I. kingi represented the sister taxon to the Rickettsiella in I. sculptus with 100% statistical 196 support (Fig. 2) . There was also some statistical support (i.e., bootstrap value of 77%) for both 197 taxa belonging to a clade that contained 'R. ixodidis' and R. grylli (ex Gryllus bimaculatus). In 198 contrast, the Rickettsiella in I. angustus was placed external, with strong statistical support (80% 199 bootstrap value), to a group comprising two clades; the first containing seven pathotypes of R. The Rickettsiella in I. angustus, I. sculptus and I. kingi each had novel nucleotide and 209 amino acid sequences for three additional genes; rpsA, gidA and sucB (see Tables S2-S7 in the 210 supplemental material). The nucleotide sequences of all three genes for the Rickettsiella in I. 211 kingi and I. sculptus were more similar to one another (96.0-98.1%) than they were to the 212 nucleotide sequences of the Rickettsiella in I. angustus (82.6-90.2%) ( Table 3 ). The extent of the 213 nucleotide differences in DNA sequence of the three genes between the Rickettsiella in I. 214 angustus and the Rickettsiella in I. kingi and I. sculptus were greater than those between different 215 pathotypes of R. popilliae and were of a similar magnitude between different species of 216 Rickettsiella (i.e., between R. popilliae and the Rickettsiella in I. woodi) (see Tables S2, S3 and 217 S5 in the supplemental material). The magnitude of the nucleotide differences in DNA sequence 218 of all three genes between the Rickettsiella in I. kingi and I. sculptus were similar to that among 219 some pathotypes of R. popilliae (see Tables S2, S3 and S5 in the supplemental material). 220
Similarly, the differences in amino acid sequence for all three genes between the Rickettsiella in 221 the Rickettsiella in I. kingi and I. sculptus were of a similar magnitude to the differences among 225 some pathotypes of R. popilliae, whereas the number of amino acid differences in the sequences 226 of rpsA for the Rickettsiella in I. kingi and I. sculptus (n = 6) was greater than that among 227 pathotypes of R. popilliae (n = 0-2) (see Tables S3, S5 and S6 in supplemental material). 228
The results of the phylogenetic analyses conducted on the nucleotide and amino acid 229 sequence data of three genes rpsA, gidA and sucB, and on the concatenated sequence data of 230 these genes are shown in Figure 3 . In all trees, except for the MP tree of the rpsA amino acid 231 sequence data, there was strong to total statistical support (i.e., bootstrap values of 88-100%) for 232 the five pathotypes of R. popilliae (i.e., 'R. melolonthae', 'R. agriotidis', 'R. tipulae', 'R. 233 costelytrae' and 'R. pyronotae') forming a monophyletic clade (Fig. 3) . In addition, NJ and MP 234 analyses of the nucleotide and amino acid sequence data for each gene, and for the concatenated 235 data, revealed a sister taxa relationship between the Rickettsiella in I. kingi and I. sculptus with 236 96-100% statistical support. In some phylogenetic analyses, there was some statistical support 237 The exception to this was in the NJ tree produced from the nucleotide sequence data of sucB, 243
where there was strong support (i.e., bootstrap value of 91%) for the Rickettsiella in I. angustus 244 representing the sister taxon to the Rickettsiella in I. kingi and I. sculptus (Fig. 3) . had novel nucleotide and amino acid sequences for three additional genes; rpsA, gidA and sucB. 288
Given this, we propose to provisionally name the Rickettsiella in I. angustus, I. sculptus and I. 289 kingi as 'Rickettsiella angustus', 'Rickettsiella sculptus' and 'Rickettsiella kingi' (respectively) in 290 accordance with the nomenclature used in other studies (e.g., 26, 27). 291
Phylogenetic analyses of the sequence data for the 16S rRNA gene revealed that 'R. 292 angustus' was placed external to a clade, comprising two groups; the first containing seven 293
pathotypes of R. popilliae (i.e., 'R. tipulae', 'R. agriotidis', 'R. melolonthae', 'R. costelytrae', 294

Rickettsiella in Myrmeleon bore, Rickettsiella in Poecilus chalcites and the Rickettsiella in 295
Harpalus pennsylvanicus), and the second containing the Rickettsiella in the earthworm, Eisenia 296 fetida, and the Rickettsiella in the springtail, Folsomia candida. The magnitude of sequence 297 differences between 'R. angustus' and other members of the genus, including 'R. sculptus' and 298 'R. kingi', ranged from 25-82 bp (2.0-6.6%), which is greater than the differences (i.e., 1-7 bp; 299 0.1-0.6%) among seven pathotypes of R. popilliae. In addition, phylogenetic analyses of the 300 nucleotide and amino acid sequence data for the rpsA, gidA and sucB genes revealed a similar 301 topology, with high bootstrap support for both the NJ and MP analyses. For each of these genes, 302 the magnitude of the sequence differences between 'R. angustus' and 'R. sculptus' / 'R. kingi' 303 were greater than those among isolates from recognized species of Rickettsiella. This suggests 304 that 'R. angustus' represents a new species of Rickettsiella based on the results of the 305 phylogenetic analyses and the magnitude of differences in the sequences of the four genes when 306 compared to other members of the genus. 307
The results of the phylogenetic analyses for all four genes (i.e., 16S rRNA, rpsA, gidA and 308 sucB) revealed that 'R. kingi' and 'R. sculptus' were sister taxa. In some analyses, these two taxa 309 formed a clade with R. grylli (a pathogen of the cricket, Gryllus bimaculatus) and/or 'R. ixodidis' 310 in the tick, I. woodi; whereas in others, they were positioned on a branch external to the different 311 pathotypes of R. popilliae and 'R. angustus'. These results suggest that 'R. sculptus' and 'R. were instances of infected ticks of both species feeding on the same small mammal hosts at two 320 localities (~200km apart) in Saskatchewan. The sequences of the 16S rRNA gene for 'R. sculptus' 321 and 'R. kingi' differed from those of other Rickettsiella by 32-78 bp (2.5-6.2%), which is similar 322 to or exceeds the sequence differences (i.e., ~3%) among closely related species of bacteria (49). 323
Moreover, the number of differences in the sequences of the 16S rRNA gene of 'R. sculptus' and 324 'R. kingi' (i.e., 14 bp over an alignment length of 1,255 bp) was greater than that among different 325 pathotypes of R. popilliae (i.e., 1-7 bp). Although 'R. sculptus' and 'R. kingi' had novel 326 nucleotide and amino acid sequences for three other genes (rpsA, gidA and sucB), the magnitude 327 of the sequence differences between these two taxa for two of these genes (gidA and sucB) were 328 of a similar magnitude to that among pathotypes of R. popilliae. Nonetheless, the number of 329 differences in amino acid sequence of rpsA between 'R. sculptus' and 'R. kingi' (n = 6) was 330 greater than that among the different pathotypes of R. popilliae (n = 0-2). These combined 331 results suggest that 'R. sculptus' and 'R. kingi' may each represent a distinct species within the 332 genus Rickettsiella, however this requires further investigation. 333
In conclusion, three novel Rickettsiella were detected in the total gDNA of three species 334 of Ixodes in North America that use small mammals as hosts. More work is needed to determine 335 whether these putative new species of Rickettsiella have pathogenic or beneficial effects on their 336 tick hosts, as has been shown for other members of the genus (e.g., 13, 17), and if other species 337 of Ixodes in North America are hosts for Rickettsiella. 338 
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